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Abstract We have examined broadband regional waveforms of recent (since 
1988) Nevada Test Site (NTS) underground explosions and earthquakes throughout 
the southwestern U ited States and Baja, Mexico, recorded by TERRAscope and other 
IRIS stations in order to characterize s ismic sources for the purposes of event iden- 
tification. As expected, earthquakes tended to be richer in long-period surface-wave 
and short-period shear-wave nergy relative to explosions of comparable P-wave 
strength. Also, explosions, in general, were found to be richer in 1- to 6-sec surface- 
wave (Rg) energy and other late-arriving coda energy than were earthquakes. Most 
earthquakes show relatively little long-period (T > 6 sec) Rg and surface-wave coda 
energy, which we attribute to their deeper source depths, whereas known shallow 
earthquakes do exhibit these phases. We have developed several seismic discrimi- 
nants based on our observations. The most promising discriminant is the ratio of 
short-period (f => 1.0 Hz), vertical component, P~ wave-train energy (EspPz) to long- 
period (0.05 to 0.167 Hz), three-component, surface-wave energy (Ezp-3). For this 
ratio, explosions tend to have a higher value than do earthquakes. This discriminant 
works on the same premise as the teleseismic mb:M s ratio, for which earthquakes are 
richer in long-period surface-wave energy relative to explosions with the same body- 
wave magnitude. The long-period passband was chosen to limit the effect of longer- 
period noise and to remove the effect of the coda surface waves. Another potential 
discriminant examined is the ratio of short-period (f ~ 1.0 Hz), vertical-component, 
P-wave to S-wave energy (Ewez:Espsz). We find that this criterion only yields marginal 
separation of the source populations but becomes more effective at higher frequency 
bands (f_-> 4.0 Hz) or when looking at single-station observations. It does, however, 
help to quantify significant short-period waveform differences between the three test 
subsites, with Pahute Mesa shots generating relatively little S-wave energy compared 
to those of Yucca Flat for which the S wave (or Lg) is often the largest phase, while 
Rainier's hots are intermediate in character with distinct but less prominent S waves. 
This S-wave generation is thought to be caused by near-source scattering to converted 
phases and appears to be highly dependent on the near-source geology. These two 
discriminants are useful in that they are simple and fast to calculate. Using regional 
stations for sources 200 to 1300 km away, the magnitude threshold for the Espez:Elp_ 3 
discriminant is roughly ML -->--- 4.0, the limiting factor being the signal level of the 
Airy phase, while that for the Espez:Espsz discrirninant is roughly Mr ----> 3.0 for the 
same distance ranges. 
Introduction 
Recent studies of regional seismic data (Woods et al., 
1993; Patton and Walter, 1993; Taylor et al., 1989) support 
teleseismic observations that explosive sources tend to be 
significantly richer in short-period (--l Hz) P-wave energy 
than earthquakes, relative to their long-period (0.05 to 0.167 
Hz) surface-wave energy, as manifested in the mb:M s dis- 
criminant (Basham, 1969; Lieberman and Pomeroy, 1969; 
Marshall et al., 1971; Stevens and Day, 1985). Extending 
such short-period:long-period (SP:LP) measures toregional 
distances lowers the effective discrimination magnitude 
threshold, thus making this type of discriminant more useful. 
From visual inspection of broadband isplacement re- 
cordings of regional earthquakes and explosions, it is ap- 
parent hat these two source types show distinctly different 
spectral content as is shown in Figure 1, which compares 
records from the Joint Verification Experiment Kearsarge 
and the Lee Vining and Little Skull Mountain earthquakes. 
The three vents, all recorded at Pasadena, California (PAS), 
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Figure 1. Regional waveform comparisons of the 
U.S. JVE Kearsarge with comparable-sized arth- 
quakes (Lee Vining and Little Skull Mountain) at 
similar distances (after Woods et al., 1993). Each set 
of three rows of three-component records is for one 
event; the first row traces are convolved with a long- 
period Press-Ewing (PE) instrument, the second row 
are broadband (BB) displacements, and the third row 
of traces are convolved with a short-period Wood- 
Anderson (WA) instrument. The peak amplitude (cm) 
of each trace is given to its right. 
are at roughly equal epicentral distances (Kearsarge, 388 km; 
Little Skull Mtn, 321 kin; and Lee Vining, 442 km). Their 
locations are shown in the shaded inset in Figure 2. Source 
information is given for them in Table 1. The three-com- 
ponent averaged-ratio of peak short-period (WA) to long- 
period (PE) amplitude is 0.405 for the explosion. For the 
earthquakes, it is lower, being 0.195 for Lee Vining and 
0.0585 for Little Skull Mountain. This measurement reflects 
the relative strength of body-wave to surface-wave genera- 
tion. Should the peak short-period amplitude be measured 
solely in the P wave-train window, this ratio would be lower 
still for earthquakes, thus separating them further from ex- 
plosions. This feature is consistent with other observations 
that earthquakes tend to be long-period rich relative to ex- 
plosions with similar short-period energy levels. 
There are a number of factors that contribute to this 
difference in waveform characteristics between earthquakes 
and explosions. This contrast can be explained, in part, by 
the differences in characteristic source-time functions and 
spatial source dimensions between earthquakes and explo- 
sions. Savino et aL (1971), Aki et al. (1974), and Mtiller 
(1973) find that explosions exhibit characteristics, in part, of 
an impulsive source and are, in any case, impulsive and corn- 
pact sources relative to earthquakes (Walter et al., 1995). 
Empirical explosion source models developed by Haskell 
(1967) and Mueller and Murphy (1971) yield source time 
functions with rise times that are only fractions of second in 
length. These source time functions are steplike in nature, 
with overshoot giving the explosion source an impulselike 
character. Aki (1967), Brune (1970), and Marshall (1970) 
find that earthquake source functions, on the other hand, are 
best-modeled asramps or step functions with combined u- 
ration and rise times greater than 1 sec. Dreger and Helm- 
berger (1991) found that even moderate-sized arthquakes 
(M L - 5.2) have source durations greater than 1 sec. Thus 
differences in the source processes and dimensions between 
earthquakes and explosions help to explain the differences 
in their observed spectra. 
Stevens and Day (1985) conclude from numerical mod- 
eling experiments hat the difference between earthquake 
and explosion source spectra is only partially responsible for 
explaining mb:Ms observations, asat lower magnitudes (mb 
=< 4.5), the source spectral characteristics onverge. They 
also cite focal mechanism, near-source lastic properties, 
and pP  interference effects as contributing factors to the sep- 
aration of populations with this type of discriminant. The 
effect of earthquake focal mechanism upon the relative x- 
citation of P waves and surface waves can, of course, be 
significant, but it is also highly variable; in their study, they 
found that the effect of earthquake focal mechanism on P- 
wave and Rayleigh-wave amplitude does, on average, help 
to separate them from explosions but that the scatter due to 
fault orientation is even larger. In a theoretical study of re- 
gional mb:M s, Lilwall (1988) found that earthquakes with a 
large dip-slip component do show some separation from ex- 
plosions but that strike-slip events, on average, do not. 
The two above-mentioned studies found that the pri- 
mary explanation for the difference in relative xcitement of
P waves and Rayleigh waves between earthquakes and ex- 
plosions is due to the low-velocity source medium for ex- 
plosions. Stevens and Day show that the difference between 
mo - Ms of an explosion and earthquake involves the factors 
QgqOt3/pxO~3) 1/2 and aZlfl~, where the subscript q denotes 
earthquake and x denotes explosion. The effect of the first 
term can be considered a depth-related phenomenon, 
whereby shallow sources in low-velocity material (usually 
explosions) generate relatively larger body-wave to surface- 
wave amplitude ratios than do deeper events. By their nature, 
earthquakes tend to occur at greater depth in higher-velocity 
material, thus yielding this contrast in apparent source char- 
acteristics. The second term implies that explosions deto- 
nated in high-Poisson ratio material will have relatively 
larger mb -- Ms offsets as well. 
An obvious phenomenon related to mechanism is the 
type of wave generated. Barring tectonic release and col- 
lapse, explosions do not directly generate shear waves or, at 
longer periods, Love waves. Hence explosions will generally 
be depleted in such energy relative to earthquakes, particu- 
larly small explosions (rob <= 4.5) that generally do not ex- 
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Figure 2. Map showing the stations (up- 
side-down triangles), earthquakes (crosses), 
and small (M L < 3.0) chemical blasts that, 
along with NTS explosions, make up the data 
used to evaluate the energy discriminants. 
NTS's boundary is outlined. Events used for 
waveform comparisons in this article are 
shown in the shaded enlarged inset with NTS 
explosions denoted by filled circles. 
Table 1 
Events with Waveforms Shown in This Study 
Event Date Time Lat. Lon. Depth mb 
Lee Vining 90/10/24 6:15:20 38.05 - 1 l 9.16 8.3 5.4 
Little Skull Mountain 92/ 6/29 10:14:22 36.68 - 116.28 11.0 5.6 
L.S.M. Aftershock 1 92/ 6/29 10:31:02 36.70 - 116.25 5.0 4.3 
L.S.M. Aftershock 2 92/ 6/29 10:40:50 36.76 - 1 t6.24 5.0 3.8 
L.S.M. Aftershock 3 93/ 5/30 15:21:03 36.65 - 116.15 2.0 4.0 
Kearsarge (P) 88/ 8/17 t7:00:00 37.29 - 116.31 0.6 5.5 
Montello (P) 91/ 4/16 15:30:00 37.25 - 116.44 0.6 5.4 
Divider (Y) 92/ 9/23 15:04:00 37.02 - 115.99 0.4 4.4 
Hunter's Trophy (R) 92/ 9/18 17:00:00 37.21 - 116.21 0.4 4.4 
NPE (R) 93/ 9/22 7:01:00 37.20 - 116.21 0.3 4.1 
hibit significant ectonic release. Earthquakes commonly 
have prominent Love waves down to mb= 3.5, and so in 
this respect (the SH-wave field), small earthquake and ex- 
plosion long-period source spectra are significantly different. 
Of course there will be exceptions to this for particular fault 
orientations and source-receiver geometries. 
Spall effects may also be a cause of the observed short- 
period (0.15 < f < 2.0 Hz) enrichment of explosion source 
spectra relative to that of earthquakes. Theoretical results 
(Day and McLaughlin, 1991) and various observational 
studies (Viecelli, 1973; Stump, 1985; Taylor and Randall, 
1989) conclude that spallation can be a significant contrib- 
utor to short-period energy, while Day et al. (1983) and Pat- 
ton (1988) find no appreciable spall energy at periods greater 
than 8 sec. 
As with all body-wave/surface-wave discriminants, the 
limiting measurement is hat of the surface-wave amplitude. 
Lieberman and Pomeroy (1969) found the surface-wave d - 
tection level for earthquakes to bemb > 4.3 and for explo- 
sions to be mb > 4.8 for far-regional distances (d --- 1000 
km) but found that the two populations converged below mb 
= 5.0 for discrimination purposes. Below these threshold 
levels, the teleseismic surface-wave signals are within the 
noise level, and analogous discriminants using regional 
phases must be employed. Evernden et al. (1971), Lambert 
and Alexander (1971), and Peppin and McEvilly (1974) 
found that they could distinguish between earthquakes and 
explosions on the basis of the amplitude ratio of regional P, 
to Airy-phase Rayleigh waves. The latter study found sep- 
aration by source type for events down to magnitude (ML) 
3.6 for explosions and 3.3 for earthquakes. Taylor et al. 
(1989) found similar long-period measurement threshold 
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levels (mb(en) > 3.8 for explosions and mb(e, 0 > 3.3 for earth- 
quakes) in this region. The western United States is known 
to be a region of low Q (Patton and Taylor, 1984). It is 
expected that regions with high Q will have lower magnitude 
thresholds for measuring surface waves. 
Woods et al. (1993) employed local magnitude (ML) 
and seismic moment (Mo) as regional analogs to mb and Ms 
measurements, respectively, and found that explosion and 
earthquake populations eparate at all observed magnitude 
ranges. Patton and Walter (1993) obtained similar results 
using mb(p,) as the short-period measurement and M 0 as the 
long-period measurement. Moment-tensor estimates, how- 
ever, require reasonably accurate Green's functions (Zhao 
and Helmberger, 1994; Thio and Kanamori, 1995). At low 
magnitudes, moment estimates are susceptible to noise ef- 
fects, although this proNem can be minimized using phase- 
matched filtering (Herrin and Goforth, 1977). Such moment- 
calculating procedures are, however, fairly involved and 
would be difficult o implement for an automated monitoring 
system. Moment-tensor solutions assume an a priori source 
type (double-couple or isotropic source) that make it a less- 
than-ideal discrimination parameter. Stevens and Mc- 
Laughlin (1988) approached this problem by treating all 
events as explosions; however, the events did not separate 
by source type below m b = 5, and explosions below this 
magnitude did not have observable surface waves, and max- 
imum likelihood moments were determined for them from 
their noise level. Even simple low-frequency spectral level 
methods (Vidal and Munguia, 1991) require estimates of 
source media properties for accurate moment calculations, 
and unless there are multiple observations atdifferent azi- 
muths, radiation pattern effects will not be adequately ac- 
counted for. 
Taylor et al. (1989) investigated a number of regional 
discriminants involving long-period measurements: m bver- 
sus Ms and mb versus long-period surface-wave energy den- 
sity and found both to be effective at separating explosions 
from earthquakes. However, these methods till require path 
calibration, and the energy density method used is even more 
susceptible to signal-to-noise l vel (SNL) thresholds than 
peak amplitudes or magnitude ratio measurements. 
In this article, we use a more empirical approach to the 
SP:LP discrimination problem. As such, it avoids the prob- 
lems noted above for moment calculation techniques in that 
it requires no waveform modeling, and all events are pro- 
cessed in the same fashion. The analysis is simple and per- 
formed in the time domain, so that it would be very easy to 
implement operationally. Further, unlike other methods dis- 
cussed, this one utilizes all three longperiod components, so
that the long-period measurements are less susceptible to 
radiation pattern effects; i.e., should an observation for an 
earthquake be at a Rayleigh-wave node, there should still be 
appreciable Love-wave signal. Also, as mentioned before, 
incorporating Love-wave measurements should enhance the 
contrast in waveform spectral content between earthquakes 
and explosions because of the fundamental difference in 
source radiation; i.e., explosions do not generate Love waves 
unless accompanied by tectonic release. 
The Esppz:Espsz ratio, the other discrimination criterion 
studied, is essentially a measure of P/Lg, a review of which 
is given in Pomeroy et al. (1982). On the basis of previous 
work, they strongly suggest that the ratio of P to Lg is not 
a reliable discriminant, although explosions generally do 
have higher values than do earthquakes. Murphy and Ben- 
nett (1982) come to the same conclusion using amplitude 
ratios and a data set consisting of NTS explosions and nearby 
earthquakes recorded at TFO. However, they only address 
smaller explosions, thus limiting their data set to Rainier and 
Yucca shots, for which strong near-source scattering can 
complicate the spectra of phases of interest as is discussed 
later in this article. 
With the advent of broadband igital stations coming 
on-line in the late 1980s, a new series of studies have been 
conducted. In their study of various regional discriminants 
applied to LLNL data, Taylor et al. (1989) found that net- 
work-averaged values of peak P/Lg ratios yielded misclas- 
sification rates between 30 and 50% but noted that these 
phases did have the lowest magnitude thresholds and thus 
had the most observations. Baumgardt and Young (1990) 
found that for regional NORESS data, both Pn/Sn and PJLg 
amplitude ratios consistently separated mine blasts and 
earthquakes. Lynnes et al. (1990), in another study of NTS 
explosions and regional earthquakes (recorded at JAS), 
found that the spectral amplitude ratio of Pg/Lg in the 2- to 
4-Hz range was fairly successful at differentiating events but 
performed more poorly at lower frequencies. Above this 
bandwidth, signal-to-noise ratio (SNR) problems resulted. 
Further, they noted that the ratios for the explosions in- 
creased with magnitude and depth. Kim et al. (1993) found 
that P/Lg spectral ratios measured in a multi-variate scheme 
between 5 and 25 Hz were quite successful at distinguishing 
earthquakes from quarry blasts in New England. 
Walter et aL (1995) extend the study of Taylor et aL 
(1989) by applying PJLg and Pg/Lg amplitude ratios to a 
comprehensive data set consisting of explosions from the 
three testing subregions and earthquakes lying within or very 
near the test site, thus minimizing path effects. However, 
only two LLNL stations were used. They found that network- 
averaged PJLg amplitude ratios (6 to 8 Hz) plotted versus 
magnitude [ML(coda)] fairly well separated events above ML 
(coda) = 3.5, barring one significant outlying shallow earth- 
quake. At lower magnitudes, the two populations begin to 
merge. Pg/Lg results are similar, but there is more overlap 
in the two populations. 
We apply our version of this discriminant, which is es- 
sentially ameasure of the root mean square Pz/Sz wave-train 
particle velocity ratio, to TERRAscope and other western 
U.S. IRIS stations. Besides giving the results for the aggre- 
gate data set, we will show results for eight individual sta- 
tions--a significantly larger number of stations than in these 
aforementioned studies. Again, we take a simple, empirical 
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approach to the problem and do not attempt to introduce 
receiver or path corrections. 
Method 
The source properties that we want to quantify are the 
short-period (f ~_ 1.0 Hz) P-wave and long-period (0.167 =< 
f-< 0.05 Hz) surface-wave energy levels, the ratio of which 
is used as the discrimination criterion. The short-period 
bandpass is similar to that used to measure teleseismic P- 
wave amplitudes for the mb:M s discriminant. The long-pe- 
riod bandpass represents he predominant frequency range 
of the fundamental-mode Airy phase at regional distances 
(Alewine, t972). This short-period versus long-period en- 
ergy ratio (EspPz:Elp_3) is defined as 
fttl" V~p(t)2dt 
EspPz:EIp-3 = ~ ft tz vze(t)2dt ' 
i=1  1 
(1) 
with the summation being for the three components and t; 
denoting the windowing times determined from travel path 
length and the wave train of interest: re, corresponds tothe 
time before the onset of the P-wave onset and ts, the time 
prior to the S-wave onset--usually 5 to 10 sec beforehand, 
and t t and t z bracket he time window of the fundamental 
Rayleigh and Love waves. The short-period and long-period 
ground velocities are respectively v w and vlp. The velocities 
are squared in order to obtain units of energy; the term for 
the unit mass of the particle of motion cancel out in the 
numerator and denominator. Essentially we are quantifying 
the energy in specific wave trains and bandwidths. Kanamori 
et al. (1993) used the same methodology to quantify the 
energy in the broadband S wave train as a regional measure 
of energy magnitude. 
Summation of the three long-period components is done 
in order to account for both the Rayleigh- and Love-wave 
energy as discussed above. Should only the vertical-com- 
ponent data be available, this discriminant measure would 
be no more effective than the conventional regional mb:M s
method. Should one component be down, an ersatz modifi- 
cation can be made to the method in order to obtain useful 
information from the remaining components: The two-com- 
ponent sum can be multiplied by a factor of 1.5, thereby 
assuming the energy on the missing component to be an 
average of the other two components. However, if the tan- 
gential component primarily comprises this missing com- 
ponent, one is again confronted with the situation of only 
measuring the P-SV system, thus being potentially suscep- 
tible to radiation pattern effects of earthquakes, and it would 
be best to throw out the observation. 
In developing this discrimination criterion, we found 
that the long-pei6od energy is best measured by applying a 
narrow bandpass filter (between 7 and 20 sec) to isolate the 
regional fundamental-mode surface wave. Because xplo- 
sions are relatively shallow sources, they generate large Rg 
waves as well as scattered, large-amplitude, surface-wave 
coda with periods of 6 sec or less. This feature is observed 
in Figure 1. Note that on both the broadband isplacement 
and PE traces for Kearsarge, there is sizable Rayleigh-wave 
coda after the Airy phase. In comparison, the long-period 
Lee Vining and Little Skull Mountain earthquake r cords 
show very little or no Rayleigh-wave coda; rather, they each 
primarily display a fundamental-mode Airy phase and some 
earlier-arriving higher-mode waves. 
These codalike surface waves generated by NTS events 
are believed to be generated preferentially by shallow 
sources. Kafka (1990) found a similar correspondence b - 
tween shallow events and coda energy in a study of New 
England earthquakes and quarry blasts. Mayeda and Walter 
(1996) found that shallow earthquakes (D =< 5 kin), col- 
lapses, and explosions how anomalous spectral peaking in 
the 0.2- to 0.4-Hz frequency range of coda waves relative to 
normal-depth earthquakes. They suggest hat this may be 
related to the strongly depth-dependent phase Rg that scat- 
ters into the coda. Filtering out the short-period coda surface 
waves improves this discriminant as such energy would in- 
crease the measured long-period energy level, causing any 
shallow source to appear to be an earthquake. 
As with other SP:LP discriminants, the limiting mea- 
surement is still the long-period signal. For this study, ob- 
servations with SNLs as low as unity are used. More accu- 
rate estimates of the long-period signal can be made if the 
effect of noise is removed. One method to improve the long- 
period signal measure at these lower magnitude thresholds 
is to remove the effects of ambient noise by taking a portion 
of the integrated energy outside the arrival window of the 
transient signal and normalizing this sum (EN) to the length 
of the time window of interest and obtaining a modified 
integrated energy for the signal, E~: 
Es 
E's = Es × (2) 
(E S + EN)' 
for which E) would near E s for high SNR records and Es/2 
for the case E N = E s. However, this technique was not ap- 
plied in this study. 
The short-period P:S ratio (Ewe~:Ewsz) is defined simi- 
larly to (1), except he denominator is replaced by the inte- 
grated short-period vertical-component ergy in the S/Lg 
wave train. Using these short-period phases, the SNR only 
becomes an issue for M L _<-- 3.1 events. 
Data Analysis and Results 
Broadband, regional recordings of 131 earthquakes in
western North America and 32 NTS underground explosions 
occurring between 1988 and 1994, and having ML -> 3.5, 
comprise the data set. The data come from the TERRAscope 
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array as well as other IRIS dial-up stations, with the more 
recent events having better station coverage. Altogether 
there are 107 event-station pairs for explosions and 650 for 
earthquakes. Figure 2 displays the study area and events used 
in this study. This region is unique in that there is a large 
amount of seisrnicity, both natural and man-made, which is 
well recorded by various broadband networks. 
All data were processed in the same fashion. The anal- 
ysis process described above is quite simple to automate, 
and so as a first run, all events were done this way. The time 
interval chosen was determined from the distance-velocity 
relationship: 
(Fill1) -- T 0 ~ Twindow ~ (?'/1/2) J r  TO,  (3) 
where r is the path distance, vl and vz are the maximum and 
minimum wave-train velocities, respectively, and To is an 
additional margin of time. After some experimentation, it 
was found that most suitable velocities for windowing the 
short-period P wave train were Vl = 7.9 and vz = 4.7, and 
for the long-period surface wave and short-period S wave 
(Lg) trains vl = 4.6 and v2 = 2.5 best windowed these 
phases. The windows were chosen to include the onset and 
the majority (roughly 85% or more) of the wave train of 
interest. To = 5 sec for both cases. 
Inspection of the energy curves indicates that high SNR 
events have sharp jumps in their energy curves. Primarily, 
the time windows were only set up so as to automatically 
process a large number events, i.e., to make sure that the 
time window encompasses the entire wave train of interest. 
However, for the most consistent measurements, it is best to 
use as narrow a time window as possible--particularly for 
low SNR events, for which cases the integrated energy is 
primarily a function of window length. 
We now provide examples of observed waveforms, 
their respective integrated energy curves, and the time win- 
dows used for the energy measurements for the closest four 
stations: GSC, ISA, PAS, and PFO. They are for a suite of 
typical regional events--both explosions from the three NTS 
subregions and for earthquakes near NTS (from the Little 
Skull Mountain sequence). A catalog that lists these events 
is given in Table 1. Their locations are shown in the enlarged 
inset of Figure 2. 
Figure 3 displays vertical-component velocity records 
of NTS shots recorded at GSC (160 < r < 220 km). At this 
station, the long-period fundamental-mode Rayleigh-wave 
energy is evident for all events, although in the case of 
Hunter's Trophy, the Rayleigh wave train is within the noise 
level. We will address this problem later. In the short-period 
band, the explosions exhibit waveform characteristics that 
are site specific in that they are observed to be self-similar 
to other events from the same test site subregion. This holds 
true for all TERRAscope records gathered to date; Pahute 
Mesa events tend to generate very little S-wave (or Lg) en- 
ergy, while Yucca Flat events have strong S waves that are 
often larger than the P waves, and Rainier shots are inter- 
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Figure 3. A comparison of vertical-component ve- 
locity records for NTS explosions and Little Skull 
Mountain sequence earthquakes recorded at GSC. The 
first (left) column is the broadband play out, followed 
by the long-period, filtered record in the second (mid- 
dle) column and the short-period, filtered record in 
the third (right) column. Directly beneath each seis- 
mogram is its associated integrated energy curve. For 
the long-period and short-period play outs, the time 
windows used to measure the integrated energy are 
denoted by the vertical dashed lines. Each event's 
identification (and in the case of explosions, also the 
test subregion) is to the left of the records. Peak 
ground velocity amplitudes (cm/sec) and total inte- 
grated energy (cm2/sec 2)are given above each trace. 
mediate in character with shear-wave arrivals that rival the 
peak Pg wave in amplitude. The characterizations are based 
on visual inspection of the entire waveform database. 
It should also be noted that the short-period waveforms 
for the Non-Proliferation Experiment (NPE) (Denny and 
Zucca, 1993) and the other Rainier shot, Hunters' Trophy, 
are very similar. In all cases, the S wave train for the explo- 
sions does not have a sharp onset but, rather, is dispersive. 
This behavior also is spread out in the energy curves. The 
short-period integrated energy curve for Pahute resembles a 
step function produced by the very prominent P-wave at- 
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rival. The Yucca curve is more ramplike with a second 
prominent ramp for the S wave. Again, the Rainier events 
are intermediate in character. The earthquakes all have their 
most pronounced jump in energy at the S-wave arrival. 
Also note that in the broadband traces, the T ----- 7-sec 
dispersed Rg and short-period surface-wave coda are the pre- 
dominant phases on the Yucca Flat and Rainier Mesa events 
and that the Pahute shot also generates considerable energy 
of this sort, whereas the earthquakes xhibit little such en- 
ergy with the exception of aftershock 3, the bottom record. 
This event is actually from Rock Valley, a zone of very 
shallow seismicity (1 ~ D =< 3 kin) (Smith and Brune, 
1993). Walter et al. (1995) found this sequence to exhibit 
anomalous behavior characteristic of explosions using their 
discriminants. This shallow of an earthquake is expected to 
generate large Rg waves (Kafka, 1990). Note that this event 
did fall within the earthquake population with respect to the 
SP:LP discriminant. 
In making comparisons between events, it should be 
noted that the Pahute shot is larger than the others, so that 
it has a higher SNR. There are no distinguishing features on 
the long-period recordings among the three test subregions 
or for the NPE explosion. 
Figure 4 plots the waveforms for the same suite of 
events recorded at ISA (230 < r < 270 km). Once again, 
the explosions tend to exhibit more Rg energy than do the 
earthquakes with the exception of aftershock 3, which is 
thought o be Shallower than the other earthquakes. In the 
short-period passband, the explosions exhibit very little Lg 
energy, even for the Yucca shot, thus yielding steplike en- 
ergy curves at the P-wave arrival, but with no significant 
jump at the S-wave arrival. We attribute this lack of Lg to 
blockage caused by propagation across the Sierra Nevada 
block and Death Valley; as at the other stations, there is 
always a prominent S wave or Lg phase for Yucca shots. 
This observation becomes more apparent after viewing the 
PAS and PFO records. The earthquakes allhave sharp, promi- 
nent S-wave arrivals that are due to direct body waves as 
well as to trapped shallow, crustal, Lg energy. 
For the long-period passband (middle column), the SNR 
becomes an issue. The two Rainier events' (the 3rd and 4th 
rows of seismograms) surface waves have SNRs approaching 
unity, as are those for the bottom two earthquakes. The in- 
tegrated energy for these low SNR records correspondingly 
is primarily a function of the window length, as the noise 
dominates the contributions tothe curve, showing only small 
rises at best at the surface-wave arrival. Espez:Elp_3 mea- 
surements for such cases should be considered ratio mini- 
mums, for the actual ong-period surface signal contribution 
is less than the apparent signal. Consequently, the discrim- 
inant was applied to records for all events with ML > 3.5, 
in part to ascertain its performance atits measuring thresh- 
old. Constraining the time window used to be as narrow as 
possible also mitigates this problem somewhat. We did reap- 
ply narrower time windows (than those described earlier, 
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Figure 4. A comparison of vertical-component ve-
locity records for ISA. 
which were used for the entire data set) to calculate the long- 
period energy for individual ow SNR records. 
These recordings are at fairly near distances (160 < r 
< 270 km), so that propagation effects are minimal. An 
extension of these comparisons to the more distant (330 < 
r < 400 km) stations PAS and PFO is given in Figures 5 and 
6, respectively. 
Again, the explosions exhibit more late-arriving energy 
due to the Rg phase and scattered phases than do the earth- 
quakes, the exception being aftershock 3 or the Rock Valley 
earthquake. The late-arriving energy seen in the aftershock 
2 records is due to a separate local event that can be seen 
more clearly in the short-period play out. At these distances, 
the long-period surface-wave signals begin to merge with 
the seismic noise; however, these records suggest hat the 
long-period portion of the source spectra does not discontin- 
uously drop off but rather decreases below the SNR of the 
recording site. For events with comparable ong-period am- 
plitude events, the short-period records of the explosions 
have larger amplitudes than the earthquakes, also supporting 
the Ewp~:Etp_ 3 discrimination criterion. 
At these more distant stations, Pahute recordings till 
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Figure 5. A comparison ofvertical-component ve- 
locity records for PAS. 
PFO: Z Comp. Velocity Records and Energy Curves 
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Montetle 9.79e-03 2.36e-03 - -  3.54e-03 
"q~ rr~ I ~ [ Qnn^ I I 
(Pabute Mesa) 2.26e-04 1 8.99e-06 I 1 9.15e-06 
D iv ider~8.51  e-04 /~~.2-05~,~__~~ ~ 6 . 9 0 e - 0 4  
¢Yucca Flat~ 1.42e-06 i 4.41e-08 i i 2.59e-07 J I I I 
Hunter'sTroDhm 3.74e-04 _j . ~_ 1.01~,-04 , ~,. 1.25e-04 
(Rainier Mesa) 4 77e-07 I I 9 89e-08 I [ I 2.75e-08 " [ I " I 
NPE , d~,~ 2.68e-04 ,, 6.98e-05 , . u . 1.05e-04 
2.65e-07 ] 3.21e-08 I I 1,92e-08 (Rainier Mesa) i I I 
Little Skull Mln 4.95e-02 ~ 3.19e-02 ,~ 1,09e-02 
Mainshock) 3,99e-03 1 [ 1.38e-03 II In - ~ - - I  6.82e-05 
j ~ - 0 3 ~ - 0 4 ~ - 0 3  
1,39e-05 2.54e-06 I I r 2.20e-06 (Aftershock 1) I 
Little Skull Mtn 1.40e-03 ~ i  1.96e-lM , ~. 1.3 le-03 
~ 6 V~I V)~/V~]V 
I (Aftershock 2) 1 6e-0 I 3 31e-07 7 03e-07 
- - I I I I 
Li 4.23e-04 1.71 e-04 1,1 Be-IN 
(Aftershock 3) ~__A- .2~e-07 08 08 
'60.00 sec 
Figure 6. A comparison of vertical-component ve- 
locity records for PFO. 
retain their strong, prominent P-wave arrivals, with only 
small amounts of energy in the expected shear-wave time 
window, whereas the other explosions more closely resem- 
ble earthquake waveforms in that they have comparable 
amounts of S-wave energy. Divider, the Yucca event, in fact 
has larger-amplitude S waves than P waves, and its S-wave 
energy is greater than the P-wave energy as well. One can 
see this visually in the integrated energy curves. Still, for 
earthquakes, the S wave-train arrival is more distinct and 
generally larger than the P-wave arrival. This general ob- 
servation does not hold for the case of the PFO recording of 
the explosion Divider, however, which has a very sharp S- 
wave arrival more than twice as large as anything in the P 
wave train and looks very much like a typical short-period 
earthquake record. It should be noted that these waveforms 
for the NTS events tend to be very characteristic of each 
subregion; for instance, this sharp S wave is observed at all 
PFO recordings of Yucca shots. 
This increase in S-wave/Lg energy in the more distant 
explosion records is believed to be due to propagational scat- 
tering effects of already converted P to SV phases. Such 
energy is absent from most recordings of Pahute events, 
whereas there is evidence of significant conversion to S- 
wave energy for Rainier and Yucca recordings. We have 
examined all available explosion records and found that in 
the short-period bandwidth, all explosions recorded at any 
one station and from one specific NTS subsite are quite simi- 
lar. 
Visual inspection of each station-event pair energy 
curve was performed in order to ensure that the time win- 
dows encompassed the appropriate wave trains for the en- 
ergy measurements. An estimated 10% or fewer of the re- 
cords needed their time windows modified. For the purposes 
of an operational monitoring system, a regionalized velocity 
map could be implemented as part of a calibration process 
in order to fully automate such an analysis. 
A plot of the ratio of EspPz:Elp_ 3 versus  distance for all 
events above ML = 3.5 is displayed in Figure 7a. The ex- 
plosions tend to have higher value ratios than do the earth- 
quakes at all distances. Although there is not complete sep- 
aration of the two populations, overlap is small, with 8% of 
the earthquakes and 5% of the explosions being misclassi- 
fled. It appears that separation is greatest at longer distances 
(r -- 900 kin) and least at distances less than 400 kin. This 
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Figure 7. (a) Plot of the short-period:long-period energy ratio (Esp~z/Elp_3) versus 
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Earthquakes are represented bycrosses, and the NTS explosion is represented bycircles. 
The NPE shot is denoted by stars. (b) Plot of magnitude normalized energy ratio versus 
distance for the same data set. 
effect may have to do with the sampling populations, how- 
ever. Earthquake datum points at larger distances are usually 
from larger events (ML >- 5.0), for which the difference in 
relative short-period to long-period energy levels between 
earthquakes and explosions is already firmly established. 
There is significantly more scatter in the earthquake 
population than in the explosion population. Several factors 
are believed to be responsible for this effect: (1) there is large 
azimuthal variation for earthquakes due to mechanism, 
whereas explosions are predominantly isotropic sources; (2) 
paths are more varied for earthquakes; and (3) explosions 
have a extremely regular source depth of less than 1 km, 
whereas earthquakes within this geographic region range be- 
tween 1.0 and 15 km in depth, with most earthquakes being 
between 5 and 12 km (Zhu and Helmberger, 1996). Another 
quality of the earthquake energy ratio data is that population 
outliers are skewed, with the upper boundary having an 
abrupt end, while the lower boundary is more diffuse. It is 
interesting to note that the energy ratios for the NPE chemical 
explosion are similar in value to those of the nuclear ones. 
Often, discriminant parameters are plotted versus mag- 
nitude in order to remove source scaling effects, i.e., Mayeda 
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and Walter (1996) and Taylor et al. (1989). As we have not 
103 removed propagation effects, which are significant, it is not 
possible to compare directly the energy ratio values to mag- 
nitude. However, we did investigate the effect of normaliz- 10~ 
ing the energy ratio values with respect to magnitude. From 
.c~ 10_ 1 our Esppz:Elp_ 3 observations, it was evident hat the larger ~, 
events (particularly earthquakes) usually had lower energy 7~ 
ratios, thus we applied a normalization of the following ~ 10-3 
form: 
10-5 
E " ! spPz.Eip_3 = EspPz:Elp_ 3 X 10 (m-m°), (4) 
where m is the event's magnitude (mb or an equivalent scale) 
and mo is a reference magnitude we chose as 5, as it is around 
the median magnitude of events being analyzed. Figure 7b 
plots this normalized energy ratio versus distance. Far better 
separation with respect o event type is obtained at the 
shorter distances, while the more distant datum points show 
no improvement in separation. This effect may be due to the 
signal level of the records. At greater distances, most of the 
available explosion data are for small events (M -- 4.5), 
whereas larger events (M => 5) comprise most of the earth- 
quake data. The larger events' energy ratios will increase 
more than the smaller ones when normalized, so conse- 
quently in this case the normalized earthquake energy ratios 
will rise relative to those of the lower magnitude xplosions. 
How well the EspPz:Elp_ 3 discriminant performs at in- 
dividual stations is of interest in order to ascertain whether 
or not there is significant station bias in these measurements. 
Also, individual station performance is an important aspect 
of operational considerations, since sparse station coverage 
and low magnitude threshold-monitoring requirements will 
often require that identification be made with single-station 
observations. 
The data recorded at the four longest-running TERRA- 
scope stations are plotted in Figures 8a through 8d. These 
four stations (GSC, ISA, PAS, and PFO) are the closest sta- 
tions to NTS, and they have recorded the largest number of 
events. As in the complete data set plot, there is some over- 
lap in earthquake and explosion populations, but all explo- 
sions still plot higher than most earthquakes. Also note that 
there are not significant differences between the test subre- 
gions, but rather all explosion datum points tend to cluster. 
The largest scatter in explosion values is for PAS, which also 
had the most data. However, the scatter shows no correlation 
with test area. As for station site effects, these four stations 
all have earthquakes in the same distance range, and their 
energy ratios plot in the same range, implying that receiver 
effects are relatively small. 
Plots of the E~ppz:Ez p_ 3 ratio for stations ANMO, TUC, 
COR, and BKS (along with STAN) are displayed in Figures 
9a through 9d, respectively. No station-related patterns are 
found, implying that receiver effects are fairly insignificant. 
Besides comparing integrated energy ratios, SP:LP peak 
ground velocity amplitude ratios were also determined for 
all data, the results of which are shown in Figure 10. The 
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Figure 8. Plots of Ewpz/Eip 3 versus distance for 
the individual stations: (a) GSC, (b) ISA, (c) PAS, and 
(d) PFO. Crosses denote arthquakes. NTS events are 
separated by subsite: Yucca Flat (triangles), Pahute 
Mesa (squares), and Rainier Mesa (circles). The NPE 
is denoted by solid circles. 
long-period value is the sum of the three-component peak 
values. This method separates the two populations about as 
well as the integrated energy ratio method. There are two 
advantages tousing peak amplitude measurements. A  peak 
amplitudes are used, better measurements can be made of 
very low SNR records, and analog data (such as historical 
analog seismograms) Can be used as well. 
As mentioned earlier, we also examined the potential of 
a short-period P to S (or Lg) discriminant (EspPz:Espsz). This 
measure is potentially useful for smaller events that radiate 
little or no observable long-period surface-wave nergy. 
This measurement is quantified similarly to Ewez:Elp_ 3, ex- 
cept that the denominator now is an integral of the short- 
period squared velocity over the S-wave (including Lg) time 
window. The velocities used to window the data are 7.9 and 
4.7 km/sec for the Pnl wave train, and 4.6 and 2.5 km/sec 
for the S/Lg wave train. As this method only requires hort- 
period data, the measuring threshold is lowered to M L ~ 3.0. 
At closer distances (r _--< 200 km), this threshold can be ex- 
tended to even lower magnitudes. 
Ewez:Espsz ratios for the data set, which includes all the 
events previously studied as well as others collected in the 
3.0 --< M L _--< 3.5 range, are displayed in Figure 11. At this 
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threshold, it was possible to include several quarry blasts 
from southern California as well as shots from the Southern 
Sierra Continental Dynamics (SSCD) Project (Fliedner and 
Ruppert, 1994) to the data set. These shots are marked by 
squares in the figure. The separation of populations i poorer 
using this method, with overlap being estimated at 50%; 
however, the explosions population does, on average, have 
higher P:S energy ratios than does the earthquake popula- 
tion. 
Several observations to note are that small chemical 
blasts do tend to have relatively high P to S energy ratios, 
while the larger NPE blast, on the other hand, yields rela- 
tively low energy ratios compared to nuclear explosions. 
However, at these short periods, receiver (as well as path) 
effects are likely to be significant. Visual comparisons of 
event waveforms at different stations provided examples of 
this. Some stations, such as BKS, PFO, SBC, and STAN, ex- 
hibited considerably more S-wave and Lg wave-train energy 
than other stations for the same events. 
In an attempt to remove receiver effects, the EspPz:Ewsz 
data for GSC, ISA, PAS, and PFO were sorted by station and 
plotted in Figures 12a through 12d, respectively. Binning by 
receiver yields some improvement in separating the popu- 
lations; however, there is still considerable overlap between 
the earthquake and explosion populations. It is clear that the 
NTS subsites do display different rends, with Yucca and 
Rainier shots having more shear-wave nergy than Pahute 
tests. This is particularly true for PAS, which has the largest 
number of observations. Again the NPE shot plots low rela- 
tive to most of the nuclear explosions. 
Esppz:Espsz ratios for the stations ANMO, TUC, COR, and 
BKS (along with STAN) are displayed in Figures 13a through 
13d, respectively. Again, NTS explosions have been plotted 
by subregion. Similar separation of source types is obtained, 
with Pahute events having the highest EspPz:Espsz ratios. 
Reviewing these short-period Espez:Ews z plots in Figures 
12 and 13, it is apparent that the energy ratio levels do vary 
somewhat between stations, thus suggesting station bias. 
This is not surprising since this ratio is a product of two 
short-period measurements that are susceptible to relatively 
small-scale wave-guide features. Thus, this discriminant 
should either be applied on an individual station basis or 
would require station corrections. 
The Esepz:Espsz values also were normalized with respect 
to magnitude. This did not improve the separation between 
earthquakes and explosions as it had in the case of the 
Ewpz:Elp 3 experiments; however, it did increase the sepa- 
ration between explosions at Pahute and those at Yucca and 
Rainier. This result implies that near-source effects play a 
crucial part in the conversion of P or Rg energy to S-wave 
energy. 
Other studies of short-period phase ratios (Taylor et al., 
1989; Lynnes et al., 1990; Walter et al., 1995) have found 
that spectral amplitude ratios are magnitude dependent. To 
examine this effect we plot the unmodified EspPz:Espsz values 
against M L without correcting for distance. The results for 
the entire data set are shown in Figure 14; NTS events have 
been binned by subsite for plotting. Little or magnitude de- 
pendence is apparent for the earthquakes. Taken in aggre- 
gate, explosions appear to show some dependence b tween 
EspPz:Espsz and magnitude. However if the individual subsites 
are examined, no such dependence is observed. The Pahute 
events do have significantly higher EspPz:Espsz ratios than do 
the other two subsites, which quantifies our visual observa- 
tions that Pahute events generate "clean" explosion records 
with a prominent P wave and little or no S/Lg wave train. 
However, as the Pahute shots are generally the largest from 
NTS, and consequently buffed the deepest, his effect could 
also be due to depth and/or source medium. 
Since we incorporate no receiver corrections, it is 
worthwhile to examine the discriminant at individual sta- 
tions. Figure 15 plots this for the four closest and longest- 
running stations. No apparent magnitude dependence is ob- 
served for the Esppz:E~psz values, although as magnitude is
also a function of shot site, it is difficult o clearly ascertain. 
Also, no better separation of earthquakes and explosions i  
achieved than when plotted versus distance (see Fig. 12 for 
comparison). Similar results were obtained for the other sta- 
tions but are not plotted here. 
Some studies of regional short-period iscriminants 
have found better discrimination athigher frequencies (Kim 
and Richards, 1993; Walter et al., 1995) whereas Taylor et 
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al. (1989) found no such effect. Consequently, we also ex- 
amined the effect of applying a higher-frequency band on 
the Esppz:E~psz ratio. Figure 16 compares EspPz:Espsz ratios for 
records convolved with a Wood-Anderson short-period 
(similar to high-passing at 1.0 Hz) instrument (open sym- 
bols) to those that have been further high-pass filtered at 4 
Hz (filled symbols). The events used are those for which 
waveforms were shown in Figures 3 through 6. This subset 
of events was used in order to minimize path effects for this 
comparison. The effect of taking the P:S energy ratio to 
higher frequencies increases the ratio value in general but is 
greatest for the explosions. This result implies that explo- 
sions, compared to earthquakes, are relatively more deficient 
in S-wave (or Lg) energy at higher frequencies. 
Discussion 
There are several explanations for the observed iffer- 
ence in SP:LP spectral character between earthquakes and 
explosions. Source mechanism, no doubt, plays a significant 
role for earthquakes; however, this effect is highly variable, 
which the large scatter in the Espez:Espsz earthquake popu- 
lation bears out. 
The theoretical argument by Stevens and Day (1986) 
that source-medium properties are a significant factor in ac- 
counting for the off-set in m b - M s between earthquakes 
and explosions is quite compelling, especially since earth- 
quakes are almost always deeper than explosions and 
thereby have different source regimes. Shallow (D > 5 km) 
earthquakes, when they do happen, tend to be very low 
stress-drop events that are relatively enriched in long-period 
energy. 
As for the source spectrum itself, earthquakes tend to 
be distributed sources with corresponding considerable rise 
times, as opposed to explosions that have relatively short 
rise times more aptly modeled as step-function point sources 
at long periods with an impulsive component (overshoot) at 
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NTS events are plotted as separate symbol types for 
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shorter periods. Dreger and Helmberger (1991) showed that 
broadband seismograms from small local earthquakes (4.0 
< M L < 5.0) can be modeled as distributed finite sources 
rather than as point sources. Such distributed slip time func- 
tions will generally result in reduced short-period spectra 
relative to a point-source step moment. It is possible that 
even very small earthquakes (ML < 4) behave similarly. 
Consider the extreme case of an ML = 3.5 earthquake 
for which the source radius is upward of 1 km (Peppin and 
McEvilly, 1974; Vidal and Munguia, 1991) and the rise time 
is a function of the shear velocity. The corner frequency of 
such an event is on the order of 1 or 2 Hz, following the 
method of Hanks and Wyss (1972). For a comparable mag- 
nitude explosion (Y -- 0.5 kt), we obtain from the appropri- 
ate source-scaling curves (Denny and Johnson, 1991) a 
source radius less than a tenth this size and a comer fre- 
quency that is upward of 4 Hz. Further, the rise time is de- 
pendent on the compressional velocity. Thus even at these 
tow magnitudes, differences in source spectrum should be 
observable on the TERRAscope and IRIS broadband systems 
that have a flat velocity response up to 7 Hz. 
It seems reasonable that a combination of these factors 
is responsible for the difference in SP:LP energy level be- 
tween earthquakes and explosions. 
The reason for the poor performance of the Espez:E~psz 
discriminant is that some explosions do exhibit strong S 
wave and Lg wave trains at short periods that yield low P/S 
energy ratio values. This effect is strongly source-site de- 
pendent. For TERRAscope observations, such shear-wave- 
rich explosions are without exception ones from Yucca and 
Rainier, with Yucca shots generally exhibiting the most 
shear-wave energy--often it is the most prominent arrival, 
as can be seen in Figures 3 through 6. Pahute, on the other 
hand, has more deterministic waveforms that are similar to 
Kazakh and Lop Nor explosion waveforms at similar dis- 
tances (Woods and Saikia, 1994). 
Near-source scattering effects are a likely explanation 
for these waveform differences, as the travel paths from the 
three NTS subsites to the TERRAscope stations are not dras- 
tically different. We hypothesize that the basin structure of 
Yucca Flat, the irregular cavity geometries due to tunneling 
(Zhao and Harkrider, 1992), and perhaps even the topogra- 
phy of Rainier Mesa are the causes of P- to S-wave scattering 
at these two sites. 
The results of Walter et al. (1995) imply that the Pg/Lg 
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ratio is dependent on source medium properties such as gas 
porosity, with shallow, high gas porosity shots being en- 
riched in Lg. As the shallower shots all tend to be lower 
magnitude ones from Yucca Flat and Rainier Mesa, it is not 
clear whether source medium or near-source scattering is the 
predominant factor in these depressed explosion P/Lg ratios. 
The fact that Rainier shot sites are in a perched aquifer, 
which is corroborated by the low gas porosity values for 
Rainier events in the Walter et al. (1995) study, and yet these 
explosions still generate considerable S/Lg waves suggests 
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that source medium is not the sole or even primary contrib- 
utor to such effects. 
The fact that the character of the short-period S/Lg 
phases or wave trains is consistent for explosions from the 
same test area (Pahute, Yucca, or Rainier)--particularly 
when comparing records from one station--but varies be- 
tween sites suggests that the short-period shear-wave energy 
is indeed due to near-source scattering effects uch as con- 
version of Rg to Lg (Jih, 1995; Gupta et al. 1992; Jih and 
McLaughlin, 1988; Stead and Helmberger, 1988). We sus- 
pect that the alluvial basin structure of Yucca Flat and the 
tunnel shots in the side of a mountain at Rainier Mesa are 
responsible for these scattering effects. The NPE records 
closely resemble their nuclear shot counterpart at Rainier 
(Hunter's Trophy), further suggesting that the shear-wave 
energy level is predominantly due to near-source scattering 
effects. 
This site-specific scattering for explosions may explain 
the results of some NTS discrimination studies, such as that 
of Murphy and Bennet (1982), which found poor separation 
on the basis of temporal P/Lg ratios. For their study, only 
explosions m b < 4.8, and consequently only ones from 
Yucca and Rainier, were examined. We infer from our ob- 
servations that strikingly different results would be yielded 
for a population of Pahute explosions. 
The difference in character of short-period S-wave ar- 
rivals between GSC and PFO recordings of Yucca Flat ex- 
plosions is curious because their great circle paths vary by 
less than 15 ° . However, this scattering of locally generated 
surface waves in the crustal wave guide can easily be a ray- 
parameter-dependent phenomenon that would allow com- 
plex patterns of wave packets to occur along the same azi- 
muth, but at different distances, thus explaining the 
difference in S-wave arrivals between the two stations. As 
the prominent S arrival at PFO is only seen for Yucca events, 
it is not likely that the effect is caused by scattering along 
the path between GSC and PFO; otherwise, it would be ex- 
pected to be seen for the other explosion source areas. 
There is also considerable scatter among the earth- 
quakes' short-period energy ratios. This is believed to be 
due to mechanism and propagation effects. As the vast ma- 
jority (95%) of earthquakes studied occurred at depths 
greater than 5 km, assuming the seismic depth distribution 
and using the actual values from waveform modeling (Zhu 
and Helmberger, 1996) when possible, the crust is fairly ho- 
mogeneous relative to that of the very shallow (d < 1 km) 
explosions, and scattering due to lateral variations near the 
source should be minimal in comparison. There were also 
several cases of earthquakes that had distinctly explosion- 
like waveform character with their P wave train being the 
most prominent phase. 
Conclusions 
We have examined the performance of two empirical 
seismic discriminants, which use regional broadband wave- 
forms, by applying them to a large data set of regional ex- 
plosion and earthquake records from the southwestern 
United States and Baja, Mexico. Both of these methods are 
based on energy integral measurements of particular wave 
trains in the time domain, which make them ideal to imple- 
ment in an automated monitoring system. 
The more promising discriminant is the EspPz:Etp_ 3 en- 
ergy ratio, for which explosions tend to exhibit higher values 
than earthquakes. This method can be considered a variation 
of the mb:M sdiscriminant applied to regional data. Although 
there is some overlap between the explosion and earthquake 
populations, the two source types do display significantly 
different overall trends with mean Espez:Elp_3 ratios at a 
given distance, being larger for explosions than for earth- 
quakes. Misclassification rates are 8% and 5% for earth- 
quakes and explosions, respectively. This discriminant then 
could be applied to screen out events that are easily identi- 
fied, or as part of some multi-variate discriminant scheme. 
Because this (EspPz:Elp_3) discriminant is applicable to 
a sparse broadband network, it is ideal to be implemented in 
a global monitoring scheme such as the 1DC's International 
Monitoring System (1MS). For an active tectonic region, the 
threshold for the discriminant is ML = 3.5 for earthquakes 
and Mr = 4.0 for explosions for epicentral distances up to 
800 kin, which correspond to teleseismic mb threshold esti- 
mates [assuming the ML:m b relationship obtained by Chung 
and Bernreuter (1981)] of m b = 3.1 and mb = 3.6, respec- 
tively. As observations suggest that the long-period signals 
decrease below the SNL for smaller events rather than dis- 
continuously dropping off, schemes to lower the long-period 
measuring threshold further, such as phase-matched filtering 
or the use of deep borehole instruments (with corresponding 
low noise levels) should be quite useful for this discriminant. 
The Espez:Espsz ratio does not separate the source types 
as well as the Ewez:Elp_ 3 ratio, with an estimated 50% of 
the earthquake population overlapping with that of the ex- 
plosions. Individual station performance is better with less 
than 30% overlap. From the time series and energy curves 
shown (Figs. 3 through 6), it is clear why the E~ppz:Ews z 
energy ratio is not effective at identifying explosions from 
earthquakes. Near-source scattering and path effects can 
generate significant scattered shear-wave energy that masks 
the short-period S-wave character of a source; our observa- 
tions indicate that near-source scattering is the primary fac- 
tor. The Ewpz:Etp_ 3ratio on the other hand is not as sensitive 
to such short-period effects, as the scattered energy shows 
up predominantly in the shear wave train and surface-wave 
coda (T < 6 sec) and least in the short-period P,,t and long- 
period (T > 8 sec) surface wave trains. 
Better separation for the short-period P:S ratio is pos- 
sible, however, when comparing data recorded at only one 
station. Also, small chemical explosions (M L = 3.0) can be 
distinguished from most earthquakes u ing this method, but 
only at nearer (D < 200 km) distances. No better separation 
of event types was obtained by plotting Esppz:Ews z versus 
magnitude. 
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The scattering effects discussed here directly affect he 
phases presently used for regional seismic discrimination (P, 
S, and Lg). Consequently, this issue should be addressed in
future related regional discrimination studies. 
Although such scattered energy is problematic for time- 
domain or spectral discriminants that use short-period phases 
since it will possibly mask the source character, it can be 
useful in identifying shallow events. TERRAscope observa- 
tions of local earthquake sequences clearly show that shal- 
low earthquakes (D < 5 km) generate far more scattered 
phases and coda wave trains than do deeper events, which 
tend to look very "clean," i.e., contain mostly distinct, mo- 
delable phases. It may be possible to use such information 
as a depth discriminant for seismic monitoring purposes. 
Further investigations/modifications of this discriminant 
may well improve it further. Applying the Espez:Espsz ratio 
at higher frequencies (f~ 4 Hz) has been shown to improve 
its performance (Fig. 16). We are currently investigating the 
suitability of applying path corrections developed from 
broadband waveform modeling (Green's functions). Zhao 
and Helmberger (1994) have applied this technique for the 
purpose of developing a regional discriminant based on the 
deterministic modeling of seismic sources and propagation 
effects at broadband and short periods. Accounting for path 
effects also will make more direct comparisons of events 
possible, for example, similar magnitude events, thereby re- 
moving source scaling effects that may be inherent to these 
discriminants. 
Once broadband Green's functions are obtained, it will 
be worthwhile to determine whether or not theoretical seis- 
mograms can produce similar energy ratio results. If so, 
these integrated wave-train energy curves can be calibrated 
from broadband waveform modeling. Thus, in a new geo- 
graphic/tectonic region to be monitored, it will be possible 
to predict he behavior of earthquake and explosion energy 
ratios, thereby making it possible to identify potential first 
blasts. 
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